Closed circuit anaesthesia offers the user many advantages but practical problems impede its widespread use. When conventional vaporizers are employed adequate amounts of agent cannot be delivered into a totally closed circuit during the early stages of an anaesthetic. Direct injection, or infusion, of liquid anaesthetic into the circuit overcomes this problem.
Use of a closed circuit technique dramatically reduces the volume of volatile agent vaporized in the course of an anaesthetic, with obvious economic and environmental benefits. Perhaps more important is the opportunity offered by closed circuit anaesthesia to monitor oxygen consumption and volatile uptake. Inhaled agents are then delivered according to patient need in a more precise fashion than is possible with semi-closed techniques.
One common and justified reason for reluctance to use closed circuit anaesthesia is that inspired gas concentrations are not known. The increasing availability of agent analysers overcomes this problem and makes closed circuit anaesthesia practical for routine use.
When closed circuit techniques are used in conjunction with a conventional out-of-circuit vaporizer it is impossible to deliver enough volatile agent into the circuit during the first part of an anaesthetic. Table 1 shows the vaporizer settings required at different stages of an anaesthetic with a fresh gas flow of 250 mllmin. When using isoflurane with 70070 nitrous oxide, it will be at least fifteen minutes before the circuit can be closed. Without nitrous oxide it will be 50 minutes before fresh gas flow can be reduced to 250 mllmin. In practice this limitation is managed by using higher fresh gas flows in the early part of an anaesthetic. Closed circuit anaesthesia can be employed from the start of an anaesthetic if the rate of delivery of the volatile agent to the circuit can be increased. This may be achieved in two ways:
1. By use of a vaporizer in the circuit; 2. By injection of liquid anaesthetic into the circuit.
Injection of liquid anaesthetics into the breathing circuit is not a new technique. In 1847 Gould and Morton l patented an ether drip vaporizer and in 1915 Jackson 2 published a description of measuring liquid ether into a closed system from a laboratory burette. Similar reports 3 using liquid halothane were published in the 1960s. Development of the square root of time model to describe the rate of uptake of volatile agents in 1972 1 renewed interest in the technique and provided a means of calculating the required dose for the various agents.
Lowe and Ernst's square root of time modeJI employs direct injection into the circuit of a unit dose of liquid agent at increasing time intervals, after priming the circuit and patient. Prime and unit doses are calculated as follows:- blood gas partition coefficient These equations give a dose expressed in ml of vapour. Table 2 shows the amount of vapour produced by one ml of liquid agent for several commonly used volatile anaesthetics. When using a direct injection method the circuit is primed and the resulting volatile concentration maintained by addition of the unit dose at intervals. The unit dose is given in the first minute, again during the next three minutes, then during the next five minutes and at subsequent intervals that increase by two minutes. This administers the unit dose at a rate proportional to 1/-lt. Dosing at intervals produces fluctuating circuit concentrations (Figure 1 ). These fluctuations can be overcome by using a continuous infusion. Assuming a constant alveolar concentration.the amount of uptake up to any time t, is given by 2CaQ.-lt. + prime '. From this equation, the amount of uptake over any time period can be calculated and a series of constant rate infusions which deliver the same amount of agent as Lowe's method over any given time period delivered. A similar technique is frequently used for continuous propofol infusion'. Table 3 shows an infusion regimen for a 50 kg patient and 6 litre circuit. The prime dose is included in the 0-5 minute infusion. In practice uptake rates for individual patients vary widely, with the standard deviation of uptake being approximately a third of the mean value 6 ,7. Therefore the calculated dose only provides a guide to an individual's requirements. Rates are then adjusted in order to attain the desired clinical response and end-tidal volatile concentration. Infusion rates may Near the end of the case, shortly after 18:15, the patient moved spontaneously. Of note is the increase in pulse rate and that the increase in isoflurane concentration with the 0,25 ml isoflurane bolus was less than that seen with previously increments, This effect presumably occurred because the patient's cardiac output had increased dramatically, This example demonstrates the use of closed circuit techniques to monitor patient physiology and illustrate the principles of anaesthetic uptake, be altered in much the same way as a vaporizer dial is adjusted. Equipment for infusing liquid anaesthetics into a closed circuit is simple. An infusion pump is used to inject liquid volatile agent from a syringe into the circuit. Care must be taken not to confuse volatile agent infusions with those intended for the intravenous route. Ordinary syringes can be used but leak 8 . Glass syringes leak more than plastic 8 . Delrin plungers significantly reduce this loss8. Ordinary PVC tubing and three-way taps are unsuitable; these materials rapidly become brittle and shatter when handled. The use of nylon tubing and metal connections avoids these difficulties. Connection into the circuit may be made by a luer lock fitting or by piercing the collar of one limb of the circuit with a 26 gauge needle adjacent to the absorber. Unvaporized liquid agent has not been seen in the circuit but we inject at a point below the height of the patient's airway and position the syringe driver below the site of injection into the circuit. This is to prevent drainage of liquid agent into either the patient or circuit. Injection can be either into the inspiratory or the expiratory limb of the circle; however if the expiratory side is chosen the rate of rise of volatile concentration will be slower. Agent analysers measuring inspired and end tidal volatile concentrations should be used routinely.
Following standard preoxygenation and intravenous induction, the liquid volatile agent infusion is started and gas flows are reduced to close the circuit. The infusion is continued at the initial rate for five minutes or until clinical response and end-tidal concentration are appropriate. The rate is then decreased to the 5-30 minute level and is subsequently titrated to both endtidal concentration and clinical effect, as with any vaporizer. Figure 2 shows the trend printout from a case in which this technique was used.
Depth of anaesthesia may be rapidly increased by increasing the infusion rate. This technique is also useful for producing deliberate hypotension with isoflurane. If the infusion is discontinued circuit volatile concentration will fall at a rate determined by the rate of uptake, which is a function of the duration of anaesthesia. If a more rapid decline in volatile concentration is required fresh gas flows can be increased. (Figure 3 ). Using Lowe and Ernst's' formulae infusion rates based on body weight can be calculated. Table  4 shows such a regimen for isoflurane in oxygen. If other agents are used the following rules may be applied:
rnl of isoflurane
For halothane multiply isoflurane rates by 0.8; For enflurane multiply isoflurane rates by 1.6; When nitrous oxide is used, reduce rates by half. This information is intended to provide a starting point from which to undertake closed circuit anaesthesia using a liquid volatile agent infusion technique. When titrated to clinical effect in combination with use of an agent analyser this is a simple and safe method. Use of this method enables closed circuit anaesthesia to be conducted from the start of an anaesthetic and for volatile agent requirements to be quantified continuously for each patient.
